Nonribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs) have been the subject of engineering efforts for multiple decades. Their modular assembly line architecture potentially allows unlocking vast chemical space for biosynthesis. However, attempts thus far are often met with mixed success, due to limited molecular compatibility of the parts used for engineering. Now, new engineering strategies, increases in genomic data, and improved computational tools provide more opportunities for major progress. In this review we highlight some of the challenges and progressive strategies for the redesign of NRPSs & type I PKSs and survey useful computational tools and approaches to attain the ultimate goal of semi-automated and design-based engineering of novel peptide and polyketide products.
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NRPSs and PKSs: enzymatic factories for compound production
Using biology to produce high-value compounds has been a boon to humanity; cell factories are an integral production method to supply antibiotics and other useful natural products to the world, with a market value estimated at several hundreds of billions of USD per year. 1 For example, complex structures such as vancomycin require over 40 steps for total synthesis, 2 while production in Amycolatopsis orientalis can be made in continuous batch cultures with relative ease. 3 Along with optimization efforts, 4,5 cell factories can be a more economic strategy for mass production or for the generation of new leads, especially for the variety of natural products with intricate structures. Non-ribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs) can be described as the factory 'machinery' for many natural products. Engineering these multi-modular systems has been a "holy grail" for synthetic biology due to their modular nature and the endless combinatorial design possibilities available through module deletions, insertions, duplications or exchanges. Leveraging these systems can thus accelerate discovery of high-value compounds, especially to help rell the waning antimicrobial pipeline. 6 However, ever since the earliest attempts in the 1990s, modifying PKSs and NRPSs on demand has turned out to be much more challenging than rst expected: due to the complex molecular interactions among modules and domains, their engineering requires deep understanding of protein-protein interactions and domain specicities. For this reason, many engineering successes have led to low yields impractical for industrial production. Now, new breakthroughs are nally providing solutions to leverage these systems, opening up countless new opportunities that can be exploited more effectively with the help of computer-aided design tools. Here, we review state-of-the-art strategies for engineering of modular PKSs and NRPSs, as well as the computational tools that can be used to support and accelerate this process.
Modular PKSs as well as NRPSs constitute complex enzymatic assembly lines comprised of multiple enzymatic components that are responsible for initiation, elongation and termination of polyketide or peptide chains to produce the core scaffolds of natural products. In the NRPS context, each module catalyzes the addition and modication of a specic amino acid and successively extends the peptide in an assembly line manner. Each module consists of at least three domains that dene a minimal module: the adenylation (A) domain, the thiolation (T) domain and the condensation (C) domain. The A domain selects, activates and transfers a specic amino acid to the T domain. Subsequently, the C domain catalyzes the peptide bond formation of the amino acid tethered to the T-domain of the same module and one of the preceding module. The integrated amino acids can be further modied concerning their absolute conguration at the Ca atom by epimerization domains (E) and the degree of C-or N-methylation by methyltransferases (MT). Furthermore, heterocyclization can be performed by cyclization domains (Cy), while redox-active domains (Ox, Red) determine their redox state. A loading module typically comprises an A and a T domain, an elongation module a C-A-T set, while a termination module contains a C-A-T and thioesterase domain (TE). The latter is responsible for the release, or optionally, macrocyclization of the peptide product. Thus, a vast variety of compounds can be generated based on different composition and arrangements of these elements. With only a few exceptions, 7-9 the organization and order of modules corresponds to the amino acid sequence of the peptide product (co-linearity rule). Thanks to the pioneering work of the Lipmann 10,11 and the Laland 12 groups in the 1960s and later on by Stachelhaus and coworkers, who discovered the specicity conferring code of the A domains, 13 reasonably understood and set the stage for engineering of the NRPS assembly lines.
In a similar fashion to NRPSs, modular PKSs synthesize polyketides through the stepwise elongation of the starter unit of 2-, 3-or 4-carbon units molecule such as acetyl-CoA, propionyl-CoA, butyryl-CoA, and their activated derivatives, malonyl-, methylmalonyl-, and ethylmalonyl-CoA extender units. 14 Three main types of PKSs have been described: type I PKSs, type II PKSs and type III PKSs. 15 In this review, we will focus on modular type I PKSs. The minimal module of these is also formed by three core domains: the acetyltransferase (AT) domain which selects for the extender unit and transfers it to the acyl carrier protein (ACP) domain. Finally, a ketosynthase (KS) domain catalyzes the condensation reaction between two modulesanalogous to the C-domain in NRPSs. Elongation modules comprise all three core domains, while the loading module lacks a KS domain and the terminal module contains a TE domain, which is responsible for the release of the linear polyketide chain or of the release with macrocyclization. The sole use of KS-AT-ACP-modules leads to b-keto chains. The additional integration of a ketoreductase (KR) domain converts the keto-functionality into a b-OH group, which can be eliminated by a dehydratase (DH) domain to give an alpha-beta unsaturated alkene, which in turn can be reduced to a single bond with the help of an enoyl-reductase (ER) domain. Thus, the nal PKS assembly line can be dened as KS-AT-(DH-ER-KR)-ACP. For more detailed information on NRPS and PKSs, we refer the reader to several excellent reviews. [16] [17] [18] [19] [20] [21] 2. Strategies for re-engineering PKS/ NRPS systems Various strategies have been employed to leverage NRPS/PKS systems, ranging from combinatorial design to direct refactoring of processing steps. The following is a brief overview of these tactics with some of their successes and challenges ( Fig. 1 ).
Precursor directed biosynthesis
Precursor directed biosynthesis (PDB) and mutasynthesis were among the rst re-engineering attempts applied on PKSs and NRPSs. PDB is based on feeding of alternative monomers to change the nal product by leveraging domain promiscuity. This strategy is based on the frequent observation of major and minor products. 22, 23 In an NRPS context, the reason is that the A domains possess a natural relaxed substrate exibility, e.g. a Glx-specic domain recognizes, and also to a minor extent activates, Asx. Likewise the Leu/Val/Ile-specic domains recognize their respective closely related member(s) of the branched amino acid family. Occasionally, A-domains display an intriguing promiscuity: e.g., the putatively Pro-specic A domain of the pyreudione NRPS accepts not only proline derivatives, but also ring-extended residues. 24 This has proven to be an effective strategy to diversify NRPS products, for example with the addition of a uorinated non-proteinogenic amino acid to the lipopeptide iturin. 25 However, empirically the yields of the obtained new compounds are commonly low because the synthetic amino acids compete with the natural amino acids for cellular uptake as well as Adomain recognition. To overcome this problem, the mutasynthesis concept can be integrated, 26, 27 where the microorganism is decient in the synthesis of the natural precursor and relies on the fed synthetic precursor to complete the secondary metabolite. 28 Successful examples include e.g. the alteration of the regular dihydroxyphenylglycine and b-OH-Tyr units in the glycopeptide antibiotic balhimycin with methoxylated and uoro-derivatives, respectively. 29, 30 In the same way, PDB has been applied to PKSs. One of the rst such experiments conducted with the 6-deoxyerythronolide B biosynthesis pathway led to the new analogue 15-uoroethyl-6 deoxyerythronolide B. 31 Similarly, mutasynthesis approaches have also been applied to PKSs. An example of this is the work on the antitumoral polyketide geldanamycin by Eichner and coworkers, 32 in which variants of the natural 3-amino-5hydroxybenzoic acid starter unit were incorporated into the polyketide product.
Domain exchanges
Considering the modular structure of the NRPS, it is most appealing to simply exchange a module with another. Such exchanges have been demonstrated at the level of a single A domain, 33 combined C-A or A-T domains 34 and nally of complete C-A-T modules. 35 However, with a few exceptions, the success of these experiments remained modest due to reduced product yields. These swaps worked best if domains are exchanged with those from the same biosynthetic gene cluster (BGC) or from closely related BGCs that encode the production of molecules within the same compound family. The most extensive and successful example of this approach represents the work from Baltz and coworkers, who engineered the NRPS assembly line of the clinically applied lipopeptide antibiotic daptomycin in 2006. They replaced single or multiple C-A-T modules with modules from the same BGC or from the closely related NRPSs for the calcium-dependent antibiotics (CDA) and A54145. 36 The authors demonstrated that 8 of the 13 AA positions in daptomycin can be modied by module exchange, which led to a combinatorial library of 40 daptomycin derivatives. 37 In a recent review, Baltz exposed the failure and success in daptomycin NRPS engineering and suggested that C-A linkers are not exible while T-C linkers and A-T are. 38 In summary, these impressive results showed that while domain swapping is possible, there are also considerable limitations due to the lack of understanding of inter-modular communications and downstream specicity lters.
A recent breakthrough in the understanding of the NRPS logic was achieved by contributions of the Bode group. During investigations of the exibility of inter-domain linkers, they observed that C-A linkers are indeed more exible than previously suggested. Two separate structural parts form these linkers, and 22 N-terminal amino acids appear to mediate the interactions between C and A domains. Based on these ndings, they dened a new concept of an exchange unit (XU). An XU consists of sets of A-T-C (or A-T-C/E) domains instead of canonical C-A-T modules. The consequent application of these rules resulted in the successful de novo design of the NRPS of xenotetrapeptides. 39 However, the yields decreased drastically, maintaining the common problem encountered in previous NRPS engineering attempts. In a follow-up work, Bode and coworkers rened and expanded their model and recognized the importance of the involved C-domains. In general, C domains catalyze the condensation of the downstream Tdomain-bound amino acid (donor substrate) with the activated upstream T-domain-bound amino acid or peptide (acceptor substrate). For the fusion, donor and acceptor substrates have to be coordinated in their respective C acceptorand C donor -subdomains. The authors established that particularly the acceptor site is very selective for the nature of the side chain and chirality. However, the A domains have been considered to act as the primary specicity determinants in NRPSs. Bode and coworkers picked up the hypothesis that both subdomains display specicity for the corresponding amino acids and act as gatekeepers. 40 Thus, an exchange that respects involved C acceptor -and C donor -subdomains, as well as native protein-protein interactions adjacent to an A-T-bidomain, yielded a redened exchange unit (referred as XUC, see Fig. 2a ). During their experiment series, the Bode group located the exact dissection position in the linker region of the Cdomain, so that it can be complemented with the respected counterpart for combinatorial biosynthesis and stays fully functional. The application of these rules led to the production of the target compounds without a loss in yields, a breakthrough for NRPS engineering. 41 Similar to the exchange of domains and modules in NRPSs, many engineering attempts for PKSs have been based on swapping or insertion of AT domains. For the erythromycin assembly line, new derivatives have been obtained by such domain insertions. 43 DEBS-PKS engineering has been performed in the native producer (Saccharopolyspora erythraea), but also in heterologous hosts (Streptomyces coelicolor CH1999 and S. lividans K4-114). For example, Oliynyk and co-workers exchanged the AT of the module 1 of erythromycin PKS by the AT of module 2 of the rapamycin PKS, resulting in an extension unit exchange from methylmalonyl-CoA to malonyl-CoA and obtaining a novel triketide lactone instead of a lactone without methylation in the C-4. 44 Similar approaches have recently also been used for the engineering of polyketides related to biofuel production. 45 However these single domain exchanges have been known for some time to introduce complications in downstream compatibility 46 and result in lower product yields. Yuzawa and coworkers (2016) related this problem with the sequence of the linkers among domains, specically, between AT and KR domains and KS and AT domains. The AT-KR linker region is denominated by the authors as post AT-linker (PAL) region and can be further subdivided in PAL1 and PAL2, while the KS-AT linker region was designated as KAL. In-depth analysis of the linker sequences led to the identication of signicant consensus sequences between the linker regions of DEBS-PKS and epothilone (EPO) PKS. The authors conducted diverse swapping experiments using different variants of swapped regions and nally resolved that the best region for the swapping is the region formed by KAL-AT-PAL1, while PAL2 was kept native. The production yield showed a minimal decrease compared to wild type. Subsequently, the group conrmed these rules using the lipomycin PKS assembly line and showed successful exchanges using modules from 5 different PKSs. With yields on par or greater than wild-type production, this illustrates that this approach is both robust and effective. 47 Like for NRPSs, recent advances in PKS engineering have led to the redenition of the domain organisation of PKS modules. PKS modules were previously organised into KS-AT-(DH-ER-KR)-ACP modules, but recent phylogenetic analysis by Abe et al. has highlighted that processing enzymes co-migrate during the assembly line with the KS domain downstream of the ACP. 42, 48, 49 Thus, new PKS modules would be termed AT + (DH + ER + KR) + ACP + KS. These updated boundary denitions have already shown to have a benecial effect in the rational design of a PKS to produce homoaureothin. 50 These ndings are a milestone in engineering NRPS/PKS systems and open the possibility for realizing total de novo design of clusters.
Specicity code mutations
Another approach to maintain inter-domain compatibility is to simply alter the specicity-coding regions of a domain. Structural biology investigations with the initial A domain of the gramicidin NRPS with L-Phe and AMP revealed the eight key amino acid residues in the active site of the A-domain 13 which allows the substrate specicity prediction straight from the DNA level. This 8 AA-containing code, also referred as "Stachelhauscode" was later on rened. 51 While it needs to be adapted when applied to NRPS BGCs originating from certain bacterial genera or from fungi, 52 it still forms the basis for today's bioinformaticsdriven prediction of the products of NRPS gene clusters. This specicity code can also be modied to alter the chemical outcome of an assembly line. A successful example for A-domain code mutations is provided by the Mickleeld group, who reprogrammed the 10 th calcium-dependent antibiotic (CDA)synthetase module to recognize Gln and Me-Gln instead of Glu. 53 This has also recently been shown to be effective in altering non-promiscuous domains to accept unnatural extender units. 54 Furthermore, besides rationally guided specicity code mutagenesis, it is also conceivable to perform directed evolution experiments, i.e. mutant libraries are generated and screened for enhanced properties such as an increased bioactivity of the nal metabolite or an increased or different A-domain-selectivity. For details about the progress in this eld, the reader is referred to other reviews. 55 Regarding PKS systems, it is also established to change the specicity of the AT-domains concerning natural substrates by mutagenesis. However, recently, some studies are taking a step forward trying to incorporate non-natural extender units. Based on the mutations which were made in module 6 of DEBS-PKS 54 the Williams group repeated the same mutations in the pikromycin synthase cluster. 56 Initially, they did not obtain satisfactory results with the mutation of Try-Arg in the corresponding AT domains but with the site-specic mutation of Try to Val at position 755, they achieved the desired substrate shi; they were also able to produce derivatives with the non-natural units propargyl-, ethyl-and allylmalonyl-CoA in robust yields. 54 The incorporation of above mentioned non-natural units enables a further derivatization through semisynthetic chemistry, especially by click chemistry. In this way, the polyketide of interest can be conjugated with other molecules such as a further pharmacophore-containing moiety or dyes and would expand in this way the possibilities for drug discovery and diverse chemical-biological applications with the polyketidic compound.
Starter units and tailoring modications
Other factors to take into account are the engineering of the starter domains or tailoring domains. The swapping of loading modules (LM) in PKSs has proven successful. For example, Leadlay and coworkers exchanged the 6-deoxyerythonolide LM for the avermectin LM, and Long et al. exchanged the DEBS LM for the oleandomycin LM. 57, 58 NRPS initiation modules have also been modied with increasingly positive results. These starting modules are attractive areas for redesign because they omit upstream restraints that confound similar extender module redesigns. 59 Challenges still remain however with downstream compatibility. For example, several failed attempts at reprogramming tyrocidine initiation modules were shown to result from incompatibilities between PCP and E-domain interfaces. 60 Further successful domain engineering was achieved regarding internal tailoring domains, for example KR domain replacements with a tri-domain to form a new PKS. 61 Various studies have shown positive swapping between two different KR domains in isolation, however the engineering of DH domains depends on the KR domains that precede them because DH domains are sensitive to the stereochemical conguration of the substrate. 62 Tailoring domains can also be embedded as subdomains within functional NRPS domains, as seen with methylation interrupted A-domains. These proved to be a boon to NRPS design by allowing site-specic and selective methylation of monomer side chains (O-or S-) or at N termini. 63 Additionally, exogenous reactions can also be incorporated to diversify compounds; examples include halogenation, glycosylation, acylation and, sulfation tailoring enzymes. 28 
Multi-module exchange
To govern the protein-protein interactions between modules that are part of separate polypeptides, not only the interactions between ACP-KS domain pairs are important, but also sets of small specialized N-and C-terminal regions called docking domains (DDs) for PKSs and communication (COM) domains for NRPSs. These interactions have been shown to be a dominant cause for lowered product turnover rates, overshadowing the impact of substrate recognition in chimeric clusters. 64 By manipulation of these regions, examples of combinatorial clusters have been generated 65, 66 or re-designed to modulate products of single-module NRPS systems. 67 DDs ensure the correct PKS assembly into a functional enzyme. Studies on virginiamycin biosynthesis show that the DDs are essential for the correct assembly of the enzymatic complex and nally for the communication between the KS and ACP domains. For successful engineering of PKSs, the identication of the interaction regions and the elucidation of the mechanism involved in the communication between the domains or modules is required. 68 For PKS engineering, the studies have been based on two research lines: modication of AT domains and docking domains (DDs). Principally, the engineering of ATs has concentrated on the swapping of solely AT domains or the complete module. Furthermore, direct mutagenesis to change the precursors' specicity of the targeted AT has been conducted. All of these concepts were applied extensively to the erythromycin PKS (syn. 6-deoxyerythronolide B synthase ¼ DEBS). One example is the exchange of module 1 and 2 (load methylmalonyl-CoA) of DEBS by specic malonyl-CoA modules of Streptomyces hygroscopicus ATCC 29253 and the rapamycin module 14 PKS. 68, 69 New derivatives were obtained, however, again with strongly decreased yield. It is noteworthy to mention that the drop in production was highly dependent on the swapping position of the PKS assembly line. It appears that the linker region is of considerable importance to mediate communication between heterologous modules. A recent study showed that the yields of a chimeric DEBS system can be improved by introducing non-native docking domains between the native ones; this apparently added exibility between processing and condensing domains 70 , which led to improved yields to near-native amounts.
Computational tools for reengineering biosynthetic assembly lines

Search and collection of parts
Extensive genetic and biosynthetic parts catalogs have been growing in recent years, such as the iGEM Registry of Standard Biological Parts. 71 In addition, databases of BGCs are helping to provide valued comparative context for design efforts. Some of the most successful computational approaches to NRPS/PKS redesign have relied on comparative analysis of related BGCs, which can help decipher optimal fusion/recombination points, identify new biosynthetic parts, and improve our understanding of module specicities. 39, 41, 72 Furthermore, large-scale comparative analyses have shed light on natural evolutionary patterns that can guide future efforts and approaches. 73 For instance, conglomerate BGCs show signicant acquisition and refactoring of cluster fragments that encode functionally independent elements. These sub-clusters, responsible for similar moieties in the nal product (including, e.g., the biosynthesis of nonproteinogenic amino acids or the synthesis and transfer of modied sugar units), are shared across a variety of distinct BGCs and can potentially be leveraged for combinatorial redesign of new chimeric clusters. 73 Similar lessons in BGC evolution have been shown on laboratory time scales, as seen with sequencing comparisons of PKSs that underwent deletion and recombination events. 74 These experiments showed analogs that produced near-native product yields, further underscoring the benet of re-dened PKS modules as building blocks for engineering. Comparative approaches have also aided traditional combinatorial design; a classic example is the generation of 154 bimodular PKSs based on raw material from eight related PKS assembly lines. 75 To take advantage of this perspective, cataloging and rapid search methods are required. Fortunately, progress in recent years has made this process easier and more automated through the use of computational tools, which are increasingly necessary as genomic data continues to grow.
With maturing methods for BGC detection 76 and increasing amounts of genomic data, there is a growing need to effectively navigate available BGC sequences. Several databases and tools facilitate the cataloging and comparison of known and putative BGCs. The recently updated antiSMASH database contains predicted gene clusters for 25 000 representative complete and high-quality dra bacterial genomes, whereas the IMG Atlas of Biosynthetic gene Clusters contains a higher number of BGCs by also including lower-quality genomes as well as metagenomes. 77, 78 Both databases provide various search options to quickly identify biosynthetic parts of interest; for example, one can quickly query the antiSMASH database to download all adenylation domains specic for hydroxyphenylglycine in BGCs with a high similarity to the vancomycin BGC. The MiBIG repository provides data on >1800 BGCs of known function, with annotations and evidence codes that document functions of gene clusters, enzymes and domains; these are all downloadable in a computer-readable JSON format, which makes it possible to quickly screen for enzymes or domains of interest. [77] [78] [79] The NORINE database is yet another resource for cluster mining, which contains extensive catalogs of NRPS/PKS monomers. 80 This resource has served as an aid for retrobiosynthetic structure matching, which has recently become an automated process using the rBAN server. 81 While much of the putative BGC data (over 95%) 82 have yet to be associated with a known product, they can be leveraged through gene and structure similarity methods to aid with collection of similar clusters. Besides sequence identity-based methods such as clusterblast and MultiGeneBlast, 83, 84 tools that allow large-scale comparison of BGCs based on architectural similarity are recently coming to light. BiG-SCAPE 85 is one such tool, which incorporates Pfam domain similarity as demonstrated previously. 86 Multi-locus phylogenetic analysis of gene cluster families (GCFs) using CORASON 85 can be used to provide even higher-resolution analysis of the relationships between groups of similar BGCs. Biocompass 87 is another tool to perform BGC networking, with a focus on identifying syntenic blocks of subclusters. These approaches allow for a rapid collection of related BGCs, or GCFs with similar subunits, even for understudied or novel BGCs (Fig. 3) .
In addition to genomic comparisons, structure prediction and search methods can help with collecting similar known compounds or screen for desired products. One interesting result of structure comparison is a virtual library and generator of polyketides, PKS enumerator, which is based on several biologically active macrolides. 88 While current structure prediction methods still require advancements in specialized cases (e.g. iterative PKS domains, external tailoring, macrocyclization), they are capable of accurately predicting core chemical scaffolds quite well for NRPS/PKS systems. Detection tools such as antiSMASH and PRISM include recent advancements in predicting structures from BGCs, such as enhanced NRPS specicity detection using SANDPUMA and improved exploration of product permutations, respectively. 72, 89, 90 In addition to dening module and domain specicities, these predictions can be used to help corroborate putative GCFs or nd a starting cluster for engineering a desired compound. Intuitive web servers such as ChemSpider, 91 similarity scoring, moiety highlighting, and exploration in a chemical network. For any compounds of interest, the MIBiG repository can then be queried to identify whether a BGC has been characterized for it. Based on these connections, a larger set of similar clusters can be compared to ultimately help identify useful parts for constructing new clusters. Another useful product of comparative analysis is the recent NRPS-linker database. 94 This resource houses a catalog of intermodule linkers (IMLs) taken from NRPS clusters found in all publicly available genomes and a parser to extract IMLs from query sequences. Protein-protein linkers have been shown to play an important role in multi-domain dynamics and exibility, 95 and they potentially encode for important module compatibility elements. The database analyses showed IMLs have signicant structured elements and were consistently associated to A-domain specicity pairs, suggesting they are crucial to module compatibility. 94 Thus, conservation of IMLs may aid in module swapping. Furthermore, the authors noticed consistent phylogenetic conservation of IMLs, which implies host optimization of engineered NRPSs might benet by using IMLs taken from related phyla. This is an interesting unexploited resource, as it expands parts mining to also include a library of "mortar" that can help 'glue together' desired combinations of BioBricks.
Optimization and refactoring
Concerted evolution (the homogenization of domain sequences within assembly lines through recombination) and family-specic adaptions provide other important evolutionary lessons for BGC refactoring. 73 This underscores a need to custom-tailor re-engineered components, which includes codon optimization for host expression or protein level changes via directed evolution to maximize compatibility. Prioritizing the exchange of modules or domains for ones with closer phylogenetic proximity and respecting integral interfaces can potentially increase the success of redesigning native clusters. While phylogenetic proximity is not an absolute requirement, as interkingdom hybrid BGCs have been observed, 96 it is likely to increase the chances of success. Improvements via codon optimization, reviewed elsewhere, 97 illustrate this point. Many web services can perform this optimization as well as account for mRNA secondary structure and GC content; 97 these functions are also included in DNA supplier workows, such as IDT's codon optimization tool (https:// www.idtdna.com/codonopt). One recent study on the effect of codon context revealed that the inuence of neighboring codons can limit the rate of translation, 98 and may be an additional measure to consider. CCtool (http://algo.tcnj.edu/cctool/) is a recent server that aims to address this consideration, albeit with limited host selection. 99 Optimizing amino acid sequence via directed evolution experiments is another level of renement that can have major benets, as protein-protein interactions or substrate specicities can be enhanced, by e.g. increasing their specicity. One example shows a drastic 500 fold improvement of enterobactin production aer only 3 rounds of mutations. 100 As the number of generated variants and testing of engineered BGCs can be quite time consuming, it is important to use the most educated mutations as possible. Using computational methods to reduce this search space is a valuable solution, as illustrated with the redesign of an NRPS A domain using the K* algorithm, implemented in the OSPREY application, 101 which evaluates protein variants that improve or maintain protein exibility and ligand binding via energy minimization methods. 102 Many tools have been developed, and covered thoroughly in previous reviews, 103-105 that aim to predict the impact of variants using different criteria: structure consistency, protein stability, evolutionary consistency, and coverage of mutant library space ( Table 1) . Unfortunately some of these, such as quantum mechanics/ molecular mechanics (QM/MM) methods, can be impractical for high-throughput screening due to the lengthy compute times required. A recent addition, CADEE, aims to bridge this gap between fast heuristic methods and higher accuracy QM/MM methods using an empirical valence-bond (EVB) approach. 108 Although these methods still struggle to accurately predict multisite inuence on structure, they can help to avoid severely deleterious mutations and save valuable experimental time.
Rational design constraints, such as focusing on certain hotspot regions, can further complement these methods. One way to highlight these areas is to interrogate the protein structure. Utilization of the growing number of available structures in the Protein Data Bank 120 for comparative structural analysis can help indicate areas that might be tolerant to change. For example, the T domain central to NRPSs is now known to maintain a relatively consistent conformation throughout its different catalytic states. 121 This was shown through comparative analysis of 18 structures at various catalytic states and further supports that tight interaction of T and surrounding domains and linkers are less amenable to change. Structural context not only informs subdomain lobes and exible regions, but can also identify binding pocket residues, domain interface locations, and contact points. For example, homology modeling helped to conrm a linker fusion point that enabled the generation of several chimeric variants of antimycin. 122 These structural homology approaches also led to the identication of a successful recombination site in the GameXPeptideproducing NRPS GxpS of Photorhabdus luminescens. This involved altering the alpha-5 helix into a consistent consensus sequence of all XUs involved, which resulted in the production of several peptide variants. 41 Fig. 4 illustrates how these regions can be identied using homology modeling with tools like MODELLER. 112 With more structures coming to light, for example the rst methyltransferase-interrupted A-domain, 123 more accurate template-based sequence-to-structure modeling can be leveraged for design efforts. For example, using this analysis, a mutation of a key residue in TioS from the thiocoraline biosynthetic pathway was shown to abolish methylation activity while retaining yields nearly identical to the wild-type. 63 Homology modeling can be performed with a variety of web servers and standalone tools ( Table 1 ). The bi-annual Critical Assessment of techniques for protein Structure Prediction (CASP) competitions has helped to mature these methods, showing a signicant increase in model accuracy, particularly for template-based methods; 124 additionally, renement and template-free modeling have also seen improvements. While much work is still required to further predict protein-protein docking, and ultimately the impact of mutations, these models have helped to identify fruitful areas for directed evolution. 125 
Toward automated cluster design
Collection of optimal parts for individual modules, domains or enzymes is an important step for successful re-factoring experiments. Currently, homology tools such as BLAST 126 and HMMer 127 are largely employed to extract these elements, but steps toward automated identication of useful elements based on a (desired) chemical structure are being employed. Clus-terCAD 117 is one such tool that focuses on cataloging and highlighting of PKS elements (collected from MIBiG), with the ultimate goal of de novo design of clusters. In addition to identifying the best starting BGC most similar to a desired structure, ClusterCAD aims to identify a parsimonious number of domain swaps, deletions and additions based on sequence homology to known clusters. This was shown to automatically select similar components for a previously validated reengineering of an adipic acid producing cluster. 128 A more generalized tool, RetroPATH, 129 aims to identify reactions beyond PKS and NRPS systems. This can be useful for PKS/NRPS engineering by identifying tailoring enzymes or improving the precursor supply of a pathway. The webserver genoCAD 130 is another application that aims to leverage known context-free parts for designing DNA and vectors; this also has been shown fruitful for the design of plant expression systems. 131 Despite requiring manual curation and optimization of these automated pipelines, these applications provide a foundation for automated design and ultimately can be matured to account for other constraints such as compatibility of compound intermediates.
Conclusion and future outlook
Traditional approaches for cell-factory design have largely focused on optimization of native production or expression in Fig. 4 Example 3D structure generated from the C-domain sequence of module 2 of Gramicidin synthetase using MODELLER with PDB:2JGP as the template. Identified regions: C-donor (orange), alpha-5 helix (blue), linker (red), and C-acceptor (grey). model hosts. Beyond these goals, synthetic biology aims to provide the plans and parts for de novo pathway construction, "BioBricks", that can produce any desired compound. Some examples are the construction of synthetic pathways from plant polyketides: olivetolic acid in Escherichia coli 132 and the biosynthesis of opioids, cannabinoids, and biofuels in yeast. [133] [134] [135] The eld is gradually progressing toward the ability to biosynthesize valued compounds "from scratch" in a designbased fashion. 136 Considering the complexity of genomic regulation, multiple catalytic pathways, and environmental interactions of a cell, it is clear this goal will not be met overnight. Detailed reviews on synthetic biology have illustrated this long, and worthwhile, road for the design, build, and test hurdles toward this end. [137] [138] [139] Although examples of successful computer-aided redesign efforts are discouragingly few, it is promising to see that many barriers for employing these methods are reducing. As accessible web interfaces and automated methods are coming to light, we can expect a greater number of experiments leveraging these approaches and improved generations of these tools from these results. While these methods still have room to mature, and account for more complex design restraints, they have already demonstrated great utility in aiding the rational design of biological machinery.
Here, we highlight another longstanding goal within the general scope of cell factory design: manipulation of modular NRPS and PKS enzyme factories. Although many attempts to design these systems have lead to mere proof-of-concept levels of production, a new understanding of inter-module connections, new computational tools, and increasing comparative data analysis provide exciting new opportunities. With the re-denition of module boundaries, it has been shown that combinatorial design can lead to novel products with nearnative yields; fully leveraging catalogs of such redened modules is currently still an underexplored space, but will be made easier with new computational tools. Several applications can help with this step of parts mining, including gene cluster and structural similarity networking. While much of this process still remains manual and can benet greatly from optimization and custom-tailoring efforts, tools to automate collection and assembly of components are already underway. These applications, such as ClusterCAD for PKSs, currently do not take into account potential incompatibilities via proteinprotein interactions or substrate specicities but provide the groundwork for searching and structuring a de novo BGC in an automated pipeline. Future addition of NRPSs as well as the updated module denitions (exchange units) to ClusterCAD or similar tools, as well as integration with refactoring tools for inserting regulatory elements and optimizing codon usage, will enable even more full-edged computer-aided design of PKS and NRPS assembly lines, especially if this can be supported by e.g. drag-and-drop functionality to assemble new polypeptides in silico. As parts collections continues to expand, we are condent that these tools can eventually help solve remaining challenges and thus facilitate the dreams of combinatorial design of these wonderful modular systems to allow accessing a vast chemical space through biosynthesis.
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